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The photo-production of <fi mesons from Li, C, Al, and Cu at forward angles has 
been measured at J5~ = 1.5-2.4 GeV. The number of events for incoherent <j) photo- 
production is found to have a target mass number dependence of ^4°- 72±0 - 07 i n the 
kinematical region of \t\ < 0.6 GeV 2 /c 2 . The total cross section of the 0-nucleon 
interaction, cr<^v, has been estimated as 35^ mb using the ^-dependence of the (j) 
photo-production yield and a Glauber-type multiple scattering theory. This value is 
much larger than a^jy in free space, suggesting that the (p properties might change 
in the nuclear medium. 
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The modification of vector mesons in nuclear matter is of interest in hadron 
physics. A broadening of the width and/or a decrease of the mass have been 
predicted for the <j) meson in the nuclear medium because of partial restora- 
tion of chiral symmetry [1] or the meson-nucleon interaction in the nuclear 
medium [2,3,4]. The mass shift of the meson has been experimentally stud- 
ied in the p-A reaction at the normal nuclear density [5], and in high-energy 
heavy- ion collisions [6]. However, no clear evidence has been observed. 

According to the OZI rule, the total <j)-N cross section, a^N, should be small 
since the <j) meson consists of almost pure ss. If a^v in the nuclear medium 
is the same as that in free space, the incoherent photo-production cross 
section from a nucleus, a™ c , is approximately proportional to the target mass 
number, A, since almost all the produced mesons are expected to go outside 
the nucleus without interacting with a nucleon. If u^n becomes larger in the 
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nuclear medium, some fraction of photo-produced mesons would interact 
with nucleons in the nucleus and disappear via inelastic reactions. In this 
case, the A-dependence sizeably deviates from a a oc A 1 . 

Only one measurement of (p photo-production from various nuclei is reported 
at Ery = 6.4-9.0 GeV [7], where coherent production is dominant. The value of 
a^N is not accurately determined from the data of coherent production. On the 
other hand, cr^jv i n free space is well determined to be 7.7-8.7 mb from the </> 
photo-production cross section on the proton, da/dt\ t=0 , at E^ = 4.6-6.7 GeV, 
where the energy dependence of the 7-0 coupling is assumed to be constant on 
the basis of the vector meson dominance model (VDM) [8]. A quark model [9] 
gives a prediction of 13.0 ± 1.5 mb for a^N [8]. This value is deduced from 
the total tt^p and K + p cross sections obtained at the high energy limit. The 
obtained and predicted values of a^N in free space are much smaller than other 
meson-nucleon total cross sections ct^n, v p n, and a vN (~ 30 mb) [10]. 

The a^N in the nuclear medium can be determined by using a Glauber-type 
multiple scattering theory for incoherent production [11]. The incoherent pro- 
duction cross section from nuclei, da^/dt, is described as a product of the </> 
photo-production cross section on the nucleon, dajy/dt, and the effective nu- 
cleon number, A c {[, which is a function of the nucleon density distribution and 
a^N- The main background from coherent photo-production is suppressed 
near the threshold energy because the momentum-transfer is high even at 0° 
due to the heavy mass of the 4> meson. Thus, the a^v i n the nuclear medium 
is expected to be determined less ambiguously near the threshold energy as 
compared with those at high energies. 

The experiment was carried out using the Laser-Electron Photon facility at 
SPring-8 (LEPS). Photons were produced by backward Compton scattering 
with an ultra-violet Ar laser from 8 GeV electrons in the storage ring. The 
recoil electrons were momentum analyzed by a bending magnet in the storage 
ring, and were detected by a tagging counter placed at the exit of the bending 
magnet. The experimental setup is described elsewhere [12]. 

The nuclear targets used in the experiment were Li, C, Al, and Cu with thick- 
nesses of 100 mm, 36 mm, 24 mm, and 3 mm, respectively. All the targets used 
were natural. The Li target block was placed in a target box filled with Ar 
gas. The windows of the target box were sealed with 50 /im Aramid sheets. To 
minimize the difference of the acceptances among different target thicknesses 
and to reduce a systematic error caused in the acceptance correction, each of 
the other three targets was set by dividing into three pieces with the same 
center of gravity and with the same standard deviation of the position along 
the photon beam direction as those of the Li target. To avoid the systematic 
errors due to the change of the beam conditions, targets were exchanged every 
two hours. 
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Fig. 1. (a) The vertex position distribution of the K + K~ events along the photon 
beam direction for the 7CU — ► K + K~X reaction. The cut points to select the 
K + K~ events generated at the target are indicated by the arrows, (b) The K + K~ 
invariant mass spectrum for Cu. The solid curve shows the fitting result with the 
free uiq and Tq parameters given in the text. The cut points to select the <f> events 
are indicated by the arrows. 



Charged particles produced at the target were detected at forward angles with 
the LEPS spectrometer which consisted of a dipole magnet, a silicon-strip 
vertex detector, three multi-wire drift chambers, a plastic scintillator behind 
the target (SC), and a plastic scintillator hodoscope placed downstream of 
the tracking detectors [12]. A particle mass for each track was reconstructed 
by using the time of flight and momentum information. Kaons were identified 
within 4<T of the mass resolution, which was momentum dependent and was 
about 30 MeV/c 2 for 1 GeV/c kaons. The pion contamination in kaons due to 
particle mis-identification was 3% for 1 GeV/c kaons. The <fi mesons produced 
in the targets were selected by utilizing the vertex position of the K + K~ 
events along the photon beam direction as shown in Fig. 1 (a). The position 
resolution at SC was typically 2 mm, and the K + K~ events produced at SC 
was clearly separated. Fig. 1 (b) shows the K + K~ invariant mass spectrum 
for the 7CU — > K + K~X reaction. A clear peak was observed, and similar 
peaks were observed for the same reaction on other targets as well. 

The measured mass and width are consistent with those of the free me- 
son [13]. The experimental shape of the peak in the invariant mass spectrum 
has been fitted by the sum of a Breit- Wigner function convoluted with a 
Gaussian resolution function and a background term, 
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where <To denotes the resolution, and L(mo, T ; m) represents the Breit-Wigner 
function with the centroid of tuq and the width of r . The background term 
B(m) is assumed to have a shape same as those for non-resonant K + K~ 
production, which are calculated by a Monte Carlo (MC) simulation with the 
assumption of the three-body phase space of the reaction 7iV — > K + K~ N . In 
the case that <7o is fixed to the values predicted by the MC simulation, the 
fitted mass mo and width To of the <fi meson are consistent with those in free 
space, where the fitting region was 1000—1060 MeV/c 2 . The mass and width 
of the (f) meson would not change from its free-space values since almost all 
the <j) mesons decay outside a nucleus (> 95%) in the momentum range from 
1.0 to 2.2 GeV/c. In the case that the <To for each target is treated as a free 
parameter instead of To, the fitted value of o"o is consistent with the value 
estimated by the MC simulation. The predicted <To and the fitting results are 
summarized in Table 1. 
Table 1 

The summary of the invariant mass resolution a® and the fitting results, (a) The 
invariant mass resolutions predicted by the Monte Carlo (MC) simulation, (b) The 
fitting results in the case that uq is fixed to be the value estimated in the MC 
simulation, (c) The fitting results in the case that the width of the 4> meson, Tq, for 



each target is fixed to b 


e the same as 


that of the free 


cf) meson (4.26 MeV/c 2 [13]) 


parameter (MeV/c 2 ) 


Li 


C 


Al 


Cu 


(a) a 


1.6 ±0.1 


1.9 ±0.1 


2.3 ±0.1 


2.1 ±0.1 


(b) mf 


1019.7 ±0.2 


1020.1 ±0.3 


1019.5 ±0.3 


1019.3 ±0.3 


-nfit 
1 


3.4 ±0.4 


5.0 ±0.7 


4.9 ±0.8 


4.9 ±0.8 


(c) rrig* 


1019.7 ±0.2 


1020.1 ±0.3 


1019.5 ±0.3 


1019.3 ±0.3 


fit 


1.3 ±0.4 


2.0 ±0.5 


2.3 ±0.4 


2.4 ±0.4 



To determine the background subtracted (/(-yield normalized by incident pho- 
ton numbers, first, the meson events, Nkk, are selected by gating the K + K~ 
events in the K + K~ invariant mass spectrum from 1005 to 1035 MeV/c 2 (see 
Fig. 1(b)). The number of background events in the (ft peak region, N-qq, are 
estimated by 

N MC 

N BG = N un -^, (2) 



where N tai \ means the observed number of events in the tail region from 1050 
to 1100 MeV/c 2 . The and are the estimated number of events in the 
region of 1005-1035 and 1050-1100 MeV/c 2 , respectively, for the calculated 
non-resonant K + K~ events. The fraction of the background events is small (5- 
7%). The background events due to mis-identification of a pion as a kaon are 
negligibly small. 
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The number of events for photo-production cross section is normalized by 
taking into account the number of hits in the tagging counter, N tag , the at- 
tenuation of the photon flux in the target material, i] att , the number of target 
nuclei, N T , the live time of the data taking system, tjbaq, and the acceptance 
correction, ?7 acc . The normalized number of events, Y, is then written as 

Y = NkK - NbG (3) 
N tag N T T] att r] DA Qr] acc ' 



The normalized number of photo-production events for each target is es- 
timated by averaging data for horizontally and vertically polarized incident 
photons to reduce the ambiguity in acceptance correction due to the different 
decay asymmetry [14]. The transmission rate, i.e. survival rate of tagged pho- 
tons at the target position, is needed for determining the photo-production 
cross section. However, cr^v can be determined directly from the normalized 
number of events which is proportional to the photo-production cross sec- 
tion since the transmission rate is the same for all the targets. The number of 
events and the normalization factors are summarized in Table 2. 
Table 2 

Summary of the number of events and the normalization factors. Nkk- the observed 
number of the K + K~ events in the peak region, A?bg : the estimated number of 
background events in the peak region, -/V tag : the tagged photon flux, ?7 att : the 
attenuation of the photon flux in the target material, N T : the number of target 
nuclei, t/daq : the live time of the data taking system, and ?/ acc : the acceptance 
correction. 





Li 


C 


Al 


Cu 


Nkk 


348 


267 


286 


238 


N BG 


21.3±4.5 


16.4±4.1 


21.4±4.5 


11.2±3.2 


AW x 1(T 10 


7.15 


6.97 


9.76 


23.31 


N T x 1(T 23 


4.63 


3.12 


1.45 


0.254 


f?att 


0.976 


0.948 


0.906 


0.926 


??DAQ 


0.922 


0.899 


0.874 


0.911 


7/acc X 10 2 


5.84 ±0.06 


5.74 ±0.06 


5.79 ± 0.07 


6.12 ±0.07 



The measured momentum-transfer square \t\ ranges up to 0.6 GeV 2 /c 2 . Fig. 2 (a) 
shows the t = \t\ — |t| m i n distribution for C, where |t| m in is the minimum \t\ 
given under the assumption that the target is a proton at rest. The t dis- 
tribution is fitted with a function of da/dt = C exp(-bt) in the region of 
t = 0.0-0.5 GeV 2 /c 2 . The slope parameters b are 3.6 ±0.9, 4.5 ±1.0, 3.1 ±0.9, 
and 4.5 ± 1.0 (GeV 2 /c 2 ) -1 for Li, C, Al, and Cu, respectively. Any of these 
slope parameters is consistent with that for photo-production on the pro- 
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Fig. 2. (a) The t = \t\ — |£| m i n distribution for the 7C — > K^K~X reaction. The 
data points are fitted with the form da/dt = Cexp(-bt). (b) The A-dependence 
of the (f> meson photo-production from nuclei. The data points are fitted with the 
parameterization A om . 

ton, b = 3.38 ± 0.23 (GeV 2 /c 2 ) -1 [14], within the errors. The number of all 
the events for each target is found to be proportional to ^l - 631110 ' 05 as shown 
in Fig. 2 (b). 



In order to determine ct^n from the A-dependence of the photo-production 
yield, an optical model of a Glauber-type multiple scattering theory for inco- 
herent production is applied [11]. In this model, the production cross section 
from a nucleus, da^/dt, is described as 



da'X c 
dt 



A 



cfT 



dcr N 
~dT' 



(4) 



where A e s is the effective nucleon number and daw / dt is the production cross 
section on the nucleon. The A e{i for <fi photo-production is expressed as a 
function of A, cr^ N , and ct^jv; 

A^A*^,*^) = / (e^» T ® - e-°«» T ®) d% 

T(b)=AJ^p(b,z)dz, 



where a^N stands for the total photon-nucleon cross section, b denotes the 
impact vector of the incident photon, and p is the nucleon density of the target 
nucleus. The effect of quasi-elastic collision between a <fi meson and a nucleon 
in the nucleus is not included in Eq. (4) since the direction and energy change 
of the outgoing meson is small because of the small direct (j)NN coupling [16]. 
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Assuming the same do^jdt for the proton and for the neutron, a^N can be 
derived from the A-dependence of the <fi photo-production cross sections. In 
this case, the absolute values of daA/dt are not necessary. The <t 7 tv is fixed to 
be 140 /ib in the energy range from 1.5 to 2.4 GeV [13]. The nucleon density 
is given by normalizing the charge density distribution [15], where the proton 
and neutron density distributions are assumed to have the same r-dependence. 
The same branching ratio of the <fi — > K + K~ process for each target nucleus 
is used since almost all the <ft mesons decay outside the nucleus. The value 
of a^N is estimated to be 71+ig mb from the A-dependence of the number 
of all the <fi events. This value is much larger than other meson-nucleon total 
cross sections. This is attributed to the coherent production contribution as 
described below. 

It is reported in Ref. [16] that the contribution of the coherent process cannot 
be negligibly small especially for light nuclear targets even at E 1 ~ 2 GeV. The 
coherent production in Li has been evaluated in the missing energy spectrum. 
The missing energy, E x , is defined as 

E x = m x - m A , (6) 



where mx is the missing mass in the reaction 'jA — > (f)X, and stands for 
the mass of the target nucleus. Fig. 3 (a) shows the missing energy spectrum 
for Li together with the simulation results for the coherent 'jA — > <pA and 
the incoherent — > <pN processes. The Fermi motion and the binding en- 
ergy are taken into account for the incoherent process in the MC simulation. 
The missing energy spectrum of coherent <fi photo-production concentrates at 
MeV within the experimental resolution, and that of incoherent produc- 
tion is distributed in the positive energy region. The missing energy spectrum 
for the coherent process is symmetrical around MeV with a resolution of 
19 MeV (er). Assuming that there are no events produced incoherently in 
the negative E x region, the total coherent events are estimated to be twice 
the number of events in the negative E x region. The number of the coherent 
photo-production events in Li is then 82.0±12.8. 

Since the coherent contribution is relatively small for the heavier target, the 
incoherent events in the negative E x region may not be negligible. The coher- 
ent <p contributions in the other targets are evaluated theoretically using the 
estimated one in Li as an input. The contribution of the coherent process is 
proportional to the square of the nuclear form factor [17], 

^ocL4F(g)| 2 , (7) 



where q is the three dimensional momentum-transfer. The coherent contribu- 
tion is evaluated by integrating da/dq over the kinematically allowed region 
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Fig. 3. (a) The missing energy spectrum of <fi photo-production for the Li target. 
The hatched regions show the calculated spectra for the coherent and incoherent 
processes by the Monte Carlo simulation, and the normalization is made to guide 
the eyes, (b) The ^4-dependence of the number of events for eft photo-production 
from nuclei after the contribution of coherent production is subtracted. The data 
points are fitted with the parameterization A ' 72 . 

of q. The number of <fi mesons produced coherently is then estimated to be 
72.9±11.4, 30.9±4.8, and 30.4±4.7 for C, Al, and Cu, respectively. After sub- 
tracting the coherent contribution as the background, the normalized number 
of events gives a relation a a oc A 0,72±om as shown in Fig. 3 (b), from which 
(j(pN is deduced, and is found to be 351^ mb. As a cross check, the coherent 
contributions for the other targets are estimated using the exactly same tech- 
nique as in the case of Li. In this case, a a is proportional to A°' 73±om , and 
&(f)N is estimated to be 341 n mb. These are consistent with the the former 
results. Similar results are also obtained by selecting the kinematical region 
for the incoherent process instead of subtracting the coherent contribution. 
When the events with E x larger than 30 MeV are selected, a a oc 

y4 0.74±0.06 

and ct^at = 30±^ 2 mb are obtained. The results are stable even if the missing 
energy cut is tightened up to 80 MeV. These values obtained in this experi- 
ment are much larger than in free space, indicating the modification of 
the <p-N scattering amplitude in the nuclear medium. 

On the basis of the self-energy in the nuclear medium, Cabrera et al. presents 
the yl-dependence of the <fi photo-production cross section from nuclei in terms 
of the variable P out = <ja/(A<t n ), which represents the probability of a photo- 
produced meson going out a nucleus [16]. The P out is deduced by using 
Y described in Eq. (3) and the normalized number of events for photo- 
production on the nucleon, Yq, which is deduced from the present data by 
using a Glauber-type multiple scattering theory. Fig. 4 (a) shows the obtained 
P out in the experiment and theoretical predictions given by Cabrera et al. 
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Fig. 4. (a) The probability P ut = &A/ '(Aapj) ■ The overall normalization error (18%) 
is not included. The solid and dashed curves show the theoretical calculations 
given by Cabrera et al. [16] without and with Pauli-blocking correction for the 
<f> meson scattering angle in the laboratory frame of 0°, respectively, (b) The ratio 
P ou t /-Pout (Li). The solid and dashed curves show the theoretical calculations same 
as (a). 

as a function of A. It is noted that the averaged momentum of <fi mesons in 
the present experiment is (P^) = 1.8 GeV/c, while theoretical predictions are 
made for P^ = 2.0 GeV/c. The obtained P out are smaller than the theoreti- 
cal predictions. The <p meson flux obtained in the experiment is almost half 
of the theoretical predictions. The absolute value of P ou t obtained in the ex- 
periment depends on an applied model to deduce Y Q . However, the ratio of 
Pout /Pout (Li) is model- independent. The ratios are smaller than the theoretical 
predictions as shown in Fig. 4 (b). The theoretical calculations underestimate 
the decrease of photo-produced meson flux in the nucleus. This discrepancy 
implies that the <p-N interaction is stronger than theoretical estimations due 
to the modification of the <j> properties in the nuclear medium. 

In summary, the photo-production of <fi mesons from Li, C, Al, and Cu nuclei 
at forward angles has been measured at P 7 = 1.5-2.4 GeV. The mass and 
width of the <fi meson observed in the K + K~ invariant mass spectrum are 
consistent with those of the free <fi meson for all the nuclear targets used. 
There is a possibility that the reconstructed invariant mass is insensitive to 
possible in-medium modification of the <fi meson for the high momenta of the 
measured mesons (1.0-2.2 GeV/c). 

The A-dependence of the <p photo-production yields for \t\ < 0.6 GeV 2 /c 2 is 
found to be proportional to A om±om . After subtracting the coherent contri- 
bution evaluated from the nuclear form factor, the yields are found to have 
the A-dependence of A a72±ao7 . The total cross section of the 0-nucleon inter- 
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action, ct^n, is estimated to be 35t n mb from the A-dependence. This value 
is much larger than u^n in free space, suggesting that the <fi properties might 
change in the nuclear medium although the change of the mass and width 
is not observed in the K + K~ invariant mass spectra. The ratio P out /P out (Li) 
is smaller than the theoretical predictions, which implies that the in-medium 
modification might be larger than the predictions. 
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